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OBJECTIVE — High levels of dietary ﬁber, especially soluble ﬁber, are recommended to
lower serum cholesterol levels and improve glycemic control in patients with type 2 diabetes. It
is not clear, however, how high levels of ﬁber affect mineral balance.
RESEARCH DESIGN AND METHODS — In a randomized crossover study, 13 pa-
tients with type 2 diabetes were fed a high-ﬁber (50 g total and 25 g soluble ﬁber) and a
moderate-ﬁber(24gtotaland8gsolubleﬁber)dietofthesameenergy,macronutrient,calcium,
magnesium, and phosphorus content for 6 weeks each. Intestinal calcium absorption was de-
termined by fecal recovery of
47Ca. Stool weight and mineral content were assessed during 3
days,and24-hurinarymineralcontentandserumchemistrywereassessedover5daysattheend
of each phase. The results were compared by repeated-measures ANOVA.
RESULTS — Compared with the moderate-ﬁber diet, the high-ﬁber diet increased stool
weight (165  53 vs. 216  63 g/day, P  0.02) and reduced 24-h urinary calcium (3.3  1.7
vs.2.41.2mmol/day,P0.003)andphosphorus(29.25.5vs.26.03.2mmol/day,P
0.003) excretion and serum calcium concentration (2.33  0.06 vs. 2.29  0.07 mmol/l, P 
0.04). Calcium absorption, stool calcium, magnesium, and phosphorus content and serum
phosphorus concentration were not signiﬁcantly different with the two diets.
CONCLUSIONS — A high-ﬁber diet rich in soluble ﬁber has a small impact on calcium and
phosphorusbalanceinsubjectswithtype2diabetes.Itmaybeprudenttoensureadequateintake
of calcium and other minerals in individuals consuming a high-ﬁber diet.
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D
iets high in ﬁber, especially soluble
ﬁber, are associated with an im-
provement in serum lipid, glucose,
and insulin concentrations (1,2). Because
of the beneﬁcial effects of soluble ﬁber on
the LDL cholesterol concentration, the
National Cholesterol Education Program
Adult Treatment Panel III recommends
consumptionof10–25gsolubleﬁberper
day, through dietary changes, in individ-
ualswithhighLDLcholesterolconcentra-
tions (3). Fiber consumption is also
emphasizedbytheAmericanDiabetesAs-
sociation for individuals with diabetes or
glucose intolerance to help manage their
glucose and lipid concentrations (4).
There is some concern that a high in-
take of ﬁber may impair the absorption of
minerals, especially calcium (5,6). It is
postulated that dietary ﬁber binds with
polyvalent mineral ions forming unab-
sorbable ﬁber-mineral complexes (5,6).
The relationship between dietary ﬁber
and calcium, magnesium, and phospho-
rusabsorptionorbalanceiscontroversial,
however,withsomestudiesreportingim-
paired mineral absorption or balance and
other studies reporting no change or a
positive balance with a high-ﬁber diet
compared with a moderate-ﬁber diet (7–
11). The conﬂicting results may be due to
one or more methodological issues such
as not closely matching the mineral con-
tent of the diets, not providing the diets,
lack of randomization, and short study
duration. In addition, most of the above-
mentioned studies looked at the effect of
ﬁber supplements rather than ﬁber-rich
natural foods on mineral absorption, and
thus there is limited understanding of the
effect of increasing the intake of ﬁber-rich
natural foods on mineral absorption.
The objective of our study was to
compare the long-term effect of a high-
ﬁber diet particularly rich in soluble ﬁber
with that of a moderate-ﬁber diet on min-
eral absorption and metabolism in sub-
jectswithtype2diabetesinarandomized
crossover study. The diets consisted of
natural foods, were matched for calcium,
magnesium, and phosphorus content,
and were prepared in the metabolic
kitchen. The effects of these diets on lipid
and glycemic control have been pub-
lished previously (2).
RESEARCH DESIGN AND
METHODS— We recruited 13 pa-
tients (12 men and 1 woman) with type 2
diabetes for this study. The study was
conducted at the General Clinical Re-
search Center of the University of Texas
Southwestern Medical Center at Dallas.
The protocol for this study was approved
by the institutional review board of the
medical center, and all patients gave writ-
teninformedconsent.Nineofthe13sub-
jects were non-Hispanic whites, and the
remaining subjects were African Ameri-
can. Their mean  SD age was 60  8
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(weight in kilograms divided by the
square of the height in meters) was
34.9  8.7. None of the patients were
receiving insulin therapy. Ten patients
were taking glyburide daily; one or more
patients were using nonsteroidal anti-
inﬂammatory drugs, anticlotting, antihy-
pertensive, antipsychotic, antidepressant,
sleep, and gout medications, or pyridox-
ine daily, and the doses of these medica-
tions did not change throughout the
study. None of the patients had thyroid,
renal, or hepatic disease or were taking
any vitamin D or mineral supplements.
All of the patients received the two
isoenergic study diets, a high-ﬁber and a
moderate-ﬁber diet, for a period of 6
weeks each, in a randomized crossover
design. There was a median interval of 7
days between the two diet periods during
which the subjects were instructed to fol-
low an isoenergic diet. The daily energy
intake needed for weight maintenance
during the two diets was estimated by
multiplying the calculated basal energy
expenditure by an activity factor (12).
All meals were prepared in the meta-
bolic kitchen. On weekdays, all of the pa-
tients ate at least one meal per day at the
General Clinical Research Center. The re-
mainingfoodwassuppliedinpackagesto
be consumed at home. To monitor com-
pliance, the patients were instructed to
bring back any unconsumed food, were
interviewed by a dietitian, and were
weighed during their visits.
Thepatientswerehospitalizedduring
the last week of each dietary period (days
36–42) for evaluation. The patients were
instructed to maintain their usual level of
physical activity during the entire study
period.
Diets
A set of three standard menus for each
study diet were prepared for a 2,000-kcal
intake. For a different energy require-
ment, all food items were adjusted ac-
cordingly. The nutrient intakes during
thetwodietsarepresentedinTable1.The
moderate-ﬁber diet provided 8 g/day of
soluble ﬁber and 16 g/day of insoluble
ﬁber, and the high-ﬁber diet provided 25
g/day each of soluble and insoluble ﬁber.
The ﬁber goal for the high-ﬁber diet was
achieved by including natural sources of
ﬁber such as fruit, beans, oat bran, oat-
meal, sweet potato, winter squash, and
vegetablessuchasokraandzucchini.Per-
cent energy from macronutrients was the
same for the two diets. Both of the diets
were designed to provide 800 mg cal-
cium, 400 mg magnesium, 1,600 mg in-
organic phosphorus, 120 mmol sodium,
and 100 mmol potassium per day. Ho-
mogenatesofthedietswereprepared,and
the mineral content of the diets was de-
terminedbyashanalysis.Thereafter,both
diets were matched for calcium, magne-
sium, phosphorus, sodium, and potas-
sium by adding calcium gluconate,
magnesium gluconate, sodium chloride,
dibasic sodium phosphate, potassium
chloride, or dibasic potassium phosphate
tothediets,ifneeded.Theintakeofﬂuids
was limited to 3 l/day of distilled water.
Plain tea or coffee was allowed in re-
stricted amounts. Sample menus for both
of the study diets have been published
previously (2). The energy intake was ad-
justed if needed to maintain a constant
body weight during the study.
Study protocol
Fractional intestinal calcium absorption
was measured by recovery of
47Ca in the
feces after oral administration of isotope
(13)onday36.
47Cawasgivenorallywith
250 ml distilled water and 4.3 ml Neo-
Calglucon (Sandoz Pharmaceuticals, East
Hanover, NJ). Food was withheld for 4 h
thereafter. Stool was collected for 3 days
untilthedisappearanceofcarmine,which
was given 24 h after isotope administra-
tion. Polyethylene glycol was given with
the isotope as nonabsorbable marker.
The patients collected 24-h urine
specimens for determination of urine vol-
ume and chemistry on days 38 through
42 of each dietary phase. Stools were col-
lected for determination of stool weight
and mineral content for 3 days at the end
of each dietary phase. Blood for serum
chemistry analyses was drawn, after an
overnight fast, daily on days 38 through
42 during each dietary period.
Biochemical analyses
Urinary, stool, and plasma calcium con-
tent and urinary and stool magnesium
content were determined by atomic ab-
sorption spectrophotometry. Urinary,
stool, and plasma phosphorus content
was measured using the method of Fiske
and SubbaRow (14). Urinary sodium and
potassium were measured by speciﬁc ion
electrode using a Beckman Astra analyzer
(Beckman Instruments, Fullerton, CA).
Plasma sodium, potassium, creatinine,
and uric acid were measured as a part of
the systematic multichannel analysis
(SMA-20). Urinary creatinine was esti-
mated by the rate-Jaffe method using
Beckman Astra, oxalate by the method of
Hodgkinson and Williams (15), uric acid
by the enzymatic method of Liddle et al.
(16), and citrate by an enzymatic method
using kits (Boehringer-Mannheim Bio-
chemicals,Indianapolis,IN).Urinarysul-
fate was determined by the turbidimetric
procedureofMaandChan(17).The
47Ca
in stool was determined by a well-type
NaI-crystal gamma-scintillation counter
equipped with a single-channel pulse-
height analyzer at the
47Ca peak of 1.29
MeV.Parathyroidhormone(PTH)wasas-
sessed by a Nichols Allegro Intact PTH
Assay (Nichols Diagnostics, San Juan
Capistrano, CA).
Statistical analyses
The repeated measures analysis of vari-
ancemodelwasusedtoassesstheeffectof
the study diets and the order in which the
dietsweregivenonstoolweightandmin-
eral content, percent
47Ca absorption
from the gastrointestinal tract, 24-h uri-
Table 1—Composition of the study diets
Moderate-ﬁber
diet
High-ﬁber
diet
Total ﬁber (g/day) 24 50
Soluble ﬁber (g/day) 8 25
Insoluble ﬁber (g/day) 16 25
Carbohydrate (% of total energy) 55 55
Protein (% of total energy) 15 15
Fat (% of total energy) 30 30
Calcium (mg/day) 800 800
Magnesium (mg/day) 400 400
Inorganic phosphate (mg/day) 1,600 1,600
Sodium (mmol/day) 120 120
Potassium (mmol/day) 100 100
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serum chemistry. The results were not af-
fected by the order in which the diets
were given, and so only the effect of the
diets will be presented in the article. All
statistical analyses were performed using
SAS (version 9.1.3).
RESULTS— The stool weight and
mineral content and percent absorption
of
47Ca in the gastrointestinal tract are
presented in Table 2. Stool weight was
about one-third higher (P  0.02) during
the high-ﬁber diet than during the mod-
erate-ﬁber diet. There was no statistically
signiﬁcant difference in stool calcium,
magnesium, and phosphorus content be-
tween the two diets, although there was a
tendencyformagnesiumandphosphorus
stoolcontenttobeslightlyhigherwiththe
high-ﬁber diet than with the moderate-
ﬁber diet.
47Ca absorption in the gastro-
intestinal tract was slightly lower with the
high-ﬁber diet than with the moderate-
ﬁber diet, but the difference was not sta-
tistically signiﬁcant.
The 24-h urinary volume and chem-
istry data are presented in Table 2. The
24-h urinary calcium, phosphorus, mag-
nesium, sodium, sulfate, and oxalate re-
sultsforeachindividualareshowninFig.
1. Urinary volume was similar for the two
diets. Compared with the moderate-ﬁber
diet, the high-ﬁber diet was associated
with lower urinary calcium (27%; P 
0.003), phosphorus (11%; P  0.003),
and sodium (12%; P  0.02) excretion.
No difference was observed for urinary
magnesium and potassium excretion.
Urinary excretion of oxalate was higher
(36%;P0.0006)andthatofsulfatewas
lower (21%; P 0.0001) with the high-
ﬁber diet compared with the moderate-
ﬁber diet. No difference was found in
urinary excretion of urate, citrate, and
creatinine or in creatinine clearance with
thetwodiets.UrinarypHwashigherwith
the high-ﬁber diet than with the moder-
ate-ﬁber diet (5%; P  0.001).
The mean fasting serum calcium level
wasslightlybutsigniﬁcantlylower(1.5%;
P  0.04) with the high-ﬁber diet than
with the moderate-ﬁber diet (Table 2).
Therewasatendencyfortheserumphos-
phorus level and potassium level to be
slightly lower and the PTH level to be
higher with the high-ﬁber diet than with
the moderate-ﬁber diet, but the differ-
enceswerenotstatisticallysigniﬁcant.Se-
rum sodium and creatinine levels were
similar with the two diets.
CONCLUSIONS — Our data suggest
that a high intake of ﬁber results in re-
duced urinary calcium excretion and a
slight but signiﬁcant reduction in serum
calcium levels. These effects are most
likely due to effects of dietary ﬁber on re-
Table 2—Stool mineral content and intestinal
47Ca absorption, 24-h urinary chemistry, and fasting serum chemistry during the study
Moderate-ﬁber
diet
High-ﬁber
diet High-ﬁber  moderate-ﬁber P value*
Stool mineral content and % absorption of
47Ca
Weight (g/day)† 165  53 216  63 59 (17 to 101) 0.02
Ca (mmol/day)† 7.9  2.2 7.7  2.5 0.5 (2.5 to 1.6) 0.57
Mg (mmol/day)† 5.8  2.4 6.7  1.7 0.7 (1.4 to 2.7) 0.40
P (mmol/day)† 9.9  3.0 11.3  2.7 1.0 (2.0 to 4.1) 0.31
% absorption of
47Ca 54.9  21.5 51.6  18.1 3.4 (18 to 11.2) 0.63
Urinary chemistry‡
Volume (ml/day) 2,430  632 2,597  484 167 (81 to 415) 0.17
Ca (mmol/day) 3.3  1.7 2.4  1.2 0.9 (1.4 to 0.4) 0.003
Mg (mmol/day) 4.6  1.2 4.6  0.9 0.004 (0.47 to 0.46) 0.83
P (mmol/day) 29.2  5.5 26.0  3.2 3.2 (5.4 to 1.0) 0.003
Na (mmol/day) 116  22 102  13 14 (24 to 3) 0.02
K (mmol/day) 88  23 94  10 6 (4 to 17) 0.23
Cr (mmol/day) 14.2  2.4 13.8  1.7 0.5 (1.2 to 0.1) 0.12
Urate (mmol/day) 3.8  0.9 3.9  0.7 0.1 (0.3 to 0.5) 0.47
Sulfate (mmol/day) 19.2  2.6 15.2  2.5 4.1 (5.4 to 2.7) 0.0001
Citrate (mol/day) 39.4  16.8 37.7  14.1 1.7 (6.1 to 2.6) 0.39
Oxalate (mol/day) 341  56 464  115 123 (68 to 177) 0.0006
CrCl (ml/s) 1.9  0.5 1.8  0.3 0.1 (0.2 to 0.02) 0.12
pH 5.8  0.5 6.1  0.4 0.3 (0.1 to 0.4) 0.001
Serum chemistry§
Ca (mmol/l) 2.33  0.06 2.29  0.07 0.04 (0.07 to 0.002) 0.04
P (mmol/l) 1.20  0.15 1.18  0.15 0.01 (0.06 to 0.03) 0.43
Na (mmol/l) 139  1 139  2 0.2 (1.3 to 0.9) 0.53
K (mmol/l) 4.45  0.26 4.38  0.18 0.07 (0.17 to 0.03) 0.16
PTH (ng/l) 32.7  11.6 35.4  13.6 2.7 (3.1 to 8.5) 0.33
Cr (mol/l) 92  18 93  17 0.8 (3.0 to 4.5) 0.71
All values are shown as the mean  SD or mean difference (95% CI). *Repeated-measures ANOVA model was used for comparison. †Stool weight was assessed in
11 subjects during the moderate-ﬁber phase and 12 subjects during the high-ﬁber phase, and stool Ca, Mg, and P contents were assessed in 11 subjects during the
moderate-ﬁber phase and 10 subjects during the high-ﬁber phase. ‡Urine values represent mean values for ﬁve daily collections of urine for each patient. §Serum
values represent mean values for ﬁve daily collections of blood for each patient except for PTH levels, which were determined on a single sample. Ca, calcium; Cr,
creatinine; CrCl, creatinine clearance; K, potassium; Mg, magnesium; Na, sodium, P, phosphorus.
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did not ﬁnd a signiﬁcant reduction in in-
testinalcalciumabsorptionusingthe
47Ca
isotope method. Analysis of minerals in
stool also did not reveal increased fecal
calcium excretion despite a 31% increase
in the wet weight of stool with the high-
ﬁberdiet.Similarly,Spenceretal.(9)also
observed a signiﬁcant decrease in urinary
calcium excretion and no change in the
intestinal absorption of
47Ca in ambula-
tory men after consumption of an addi-
tional 21 g ﬁber/day in the form of oat
bran mufﬁns for 32 days. Balasubrama-
nian et al. (7) reported a decrease in ap-
parent calcium absorption (calcium
intake  fecal calcium excretion and ex-
pressed as a percentage of intake) in el-
derlysubjectsduringthelast10daysafter
consumption of 30 g of wheat bran sup-
plements for 21days. Wisker et al. (8), on
the other hand, found no change in uri-
nary or fecal calcium content in healthy
subjects after consumption of diets en-
riched with 15 g barley ﬁber for 22 days.
This study, however, did not closely
match the calcium content of the two di-
ets. Similarly, Behall et al. (10) reported
no change in apparent calcium balance
(intake  fecal and urinary excretion) in
subjects with type 2 diabetes after con-
sumptionofadietenrichedwith32g/day
of guar for 6 months, whereas Coudray et
al. (11) reported a positive calcium bal-
ance in healthy men consuming diets en-
richedwith58gﬁberintheformofinulin
or sugar beet for 28 days. These studies
also did not match the calcium content of
the different diets. Furthermore, Behall et
al.(10)didnotprovidethestudydietsfor
the subjects and therefore probably had
less control of the overall diet.
The lower urinary calcium excretion
withthehigh-ﬁberdietmayalsobepartly
explained by increased alkalization of
urine as evidenced by the increased pH
withthehigh-ﬁberdiet.Thiscouldbedue
to the reduced animal protein and higher
plant food content of the high-ﬁber diet.
The high-ﬁber diet contained about 15 g
more plant protein than the moderate-
ﬁber diet for an energy intake of 2,000
kcal/day. Animal protein is rich in sulfur-
containing amino acids that are oxidized
to sulfate (18). Plant foods, on the other
hand, contain alkali that buffers the mod-
erateacidosiscausedbysulfate.Alkalien-
hances renal tubular reabsorption of
calcium and reduces bone resorption,
thereby lowering the urinary calcium ex-
cretion (19). The reduced urinary sulfate
excretion with the high-ﬁber diet may
have also contributed to the reduced uri-
nary calcium excretion because sulfate
binds with calcium ions and prevents re-
nal tubular reabsorption of calcium (20).
A reduced sulfate level would lead to
greater renal tubular reabsorption and re-
duced excretion of calcium.
The lower urinary calcium excretion
withthehigh-ﬁberdietmayalsobepartly
due to the lower urinary sodium excre-
tion. The role of urinary sodium is likely
to be minor, however, because there was
only a small difference in urinary sodium
excretion with the two diets and because
sodium intake, which is highly correlated
with urinary sodium excretion, was held
constant across the two diets. Caffeine in-
take, which slightly reduces calcium ab-
sorptionbuthasnoeffecton24-hurinary
calciumexcretion(21),waskeptconstant
throughout the study and could not have
affected urinary calcium excretion.
Figure 1—The 24-h urinary calcium (Ca), phosphorus (P), magnesium (Mg), sodium (Na),
sulfate, and oxalate concentrations for each individual during consumption of the moderate-ﬁber
and high-ﬁber diets. Each value represents mean of ﬁve daily collections of urine during the
inpatient stay at the General Clinical Research Center.
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were not signiﬁcantly higher with the
high-ﬁberdietcomparedwiththemoder-
ate-ﬁberdiet.Theseresultsaresimilartoa
number of studies that reported no
change in apparent magnesium balance
withdietsenrichedwithoatbran(9),guar
(10),inulin,orsugarbeet(11)ﬁber.Only
Wiskeretal.(8)reportedaslightnegative
magnesium balance following consump-
tion of diets rich in barley ﬁber.
The decreased urinary phosphorus
excretion with the high-ﬁber diet was
probably due to the effect of dietary ﬁber
on phosphorus absorption. Our study,
however, did not show a signiﬁcant in-
creaseinthephosphoruscontentofstools
with the high-ﬁber diet. Our results con-
tradict the results from another study (9),
inwhichconsumptionofadietrichinoat
bran led to a signiﬁcant increase in uri-
nary phosphorus level; however, the
phosphorus content was about twice as
highwiththehigh-ﬁberdietthanwiththe
moderate-ﬁber diet (9).
It is not possible to distinguish the
role of soluble from insoluble ﬁber on
mineral absorption in our study because
the high-ﬁber diet, although particularly
rich in soluble ﬁber, also contained insol-
uble ﬁber in greater quantity than in the
moderate-ﬁber diet. Also not possible to
differentiate from our study is the role of
dietaryﬁberfromtheeffectofphytateand
oxalate on mineral absorption. The high-
ﬁber diet in our study had nearly 3 times
more phytate and 4 times more oxalate
than the moderate-ﬁber diet. Both
phytate and oxalate form insoluble com-
plexes with minerals such as calcium,
thereby reducing their absorbability
(22,23). Designing diets with the same
amount of insoluble ﬁber, phytate, and
oxalate would be challenging because
foods rich in soluble ﬁber tend to be rich
intheabovecomponents.Inaddition,the
purposeofourstudywasnottomatchthe
insoluble ﬁber, phytate, and oxalate con-
tent of the two diets but to examine the
effect of a diet high in ﬁber derived from
natural foods on lipids, glycemic re-
sponse, and mineral balance. We did not
assess the impact of the high-ﬁber diet on
absorption of trace minerals. Whether ﬁ-
ber derived from natural foods affects ab-
sorption of these minerals needs further
study. The small sample size in our study
is probably not an issue because we had a
crossover design. According to Garcia et
al. (24), who evaluated the efﬁciency of
crossover designs, a crossover design
needs about 4–10 times fewer subjects
than a similarly powered parallel design.
Intheirarticle,Garciaetal.alsonotedthat
our study (with the primary data) (2) in-
corporated an efﬁcient crossover design.
Furthermore, our current analysis did
have sufﬁcient power to statistically de-
tect the clinically important differences in
the mineral balance data presented in this
article.
Our study had several strengths. The
mineral contents, especially the calcium,
phosphorus, and magnesium contents, of
the two diets were carefully matched be-
cause high-ﬁber foods, such as legumes
and green leafy vegetables, are naturally
rich in calcium and other minerals, and
excessive calcium intake decreases mag-
nesium absorption and vice versa (25)
and increased intakes of calcium and
phosphate decrease magnesium absorp-
tion due to formation of an insoluble cal-
cium-magnesium-phosphate complex in
theintestinallumen(26).Otherstrengths
included providing the diets and thus
controllingtheoverallfoodintake,hospi-
talizing the patients during the last week
of each phase for data collection, assess-
ing the long-term effect of ﬁber intake on
mineral absorption and metabolism by
feeding each diet for 6 weeks, and deter-
mining the calcium absorption through
fecal recovery of calcium isotope, the
gold-standard method for assessing cal-
cium absorption.
In summary, a diet high in ﬁber, es-
pecially soluble ﬁber, lowers urinary cal-
cium and phosphorus levels and slightly
reduces serum calcium concentration.
The high intake of ﬁber did not have an
effect on magnesium levels. These results
do not justify modifying the dietary rec-
ommendations made by the National
Cholesterol Education Program Adult
Treatment Panel III and the American Di-
abetes Association. Nevertheless, it may
be prudent to ensure adequate amounts
of calcium and other minerals with long-
term consumption of a high-ﬁber diet.
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